Glypican-3 is a heparan sulfate proteoglycan that is overexpressed in various neoplasms such as hepatocellular carcinoma, malignant melanoma, and testicular yolk sac tumor. Glypican-3 is currently regarded as a tumor marker and potential target for immunotherapy. To clarify the significance of glypican-3 expression in ovarian clear cell adenocarcinoma, we evaluated glypican-3 expression by immunohistochemistry in nonneoplastic and neoplastic ovaries, and other Mü llerian duct derivatives including endometrium in different menstrual phases. Among the benign lesions examined, glypican-3 expression was identified exclusively in the endometrial epithelium in the gestational period. A total of 213 cases of ovarian adenocarcinoma, including 94 clear cell adenocarcinomas, were studied. Glypican-3 expression was observed in 44% of clear cell adenocarcinomas, whereas it was rarely observed in other histological subtypes: mucinous (4%), endometrioid (5%), and serous (11%; Po0.0001). All six ovarian yolk sac tumors showed diffuse immunoreactivity for glypican-3. In cases of clear cell adenocarcinoma, no correlations were found between glypican-3 expression and clinicopathological factors, such as tumor stage, lymph node metastasis, peritoneal dissemination, and death rate. However, glypican-3 expression was significantly associated with poor overall survival in stage III/IV clear cell adenocarcinoma cases. Our results suggest that overexpression of glypican-3 may be related to the development and aggressive behavior of ovarian clear cell adenocarcinoma.
Ovarian clear cell adenocarcinoma is a distinct histological subtype of ovarian epithelial carcinoma that occurs more frequently in Japan than in Western countries. [1] [2] [3] [4] [5] [6] Histologically, clear cell adenocarcinoma is characterized by clear cells or hobnail cells growing in papillary, tubulocystic, and solid patterns, 7 and they show strong resemblance to endometrial glands during pregnancy (Arias-Stella change) 8 and yolk sac tumors. 9 Although clear cell adenocarcinomas were initially thought to be of mesonephric origin, it is now widely accepted that these tumors are of Mü llerian origin. 10 In fact, clear cell adenocarcinomas are closely associated with endometriosis, 11, 12 and sequential changes from endometriosis to clear cell adenocarcinoma have been reported. 13 Clinically, patients with clear cell adenocarcinoma have a poor prognosis due to the poor response of the tumor to conventional platinum-or taxane-based chemotherapy. 5, 12, 14 Therefore, alternative therapeutic options for ovarian clear cell adenocarcinoma are warranted as an additive modality.
Glypican-3 (GPC3) is a cell-surface heparan sulfate proteoglycan that binds to the cell membrane via glycosylphosphatidylinositol anchors. 15 The gene encoding GPC3 is localized on Xq26, and its product is believed to regulate cellular growth and apoptosis by interacting with a variety of morphogenic or growth factors, such as Wnt, fibroblast growth factor 2, and bone morphogenic protein 7 in a tissue-specific manner. [16] [17] [18] GPC3 expression, ubiquitous in the embryo, is silenced in most adult tissues, 19, 20 and is regarded, therefore, as an oncofetal protein. Its overexpression has been reported in certain types of tumors, such as hepatocellular carcinoma, 21, 22 melanoma, 23 lung squamous cell carcinoma, 24 and testicular germ cell tumors. 25, 26 GPC3 has also been reported to act as an immunohistochemical and serum marker for hepatocellular carcinoma and malignant melanoma. 21, 23, 27 In addition, it is now expected to be a potential target for immunotherapy against these neoplasms.
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With regard to ovarian carcinoma, there have been only a few studies regarding its GPC3 expression, and their results were inconsistent. In an immunohistochemical study of 251 ovarian cancers using the tissue microarray technique, Stadlmann et al 31 reported that GPC3 expression was strongly associated with the clear cell histotype. However, the number of clear cell adenocarcinomas studied was small (11 cases). On the other hand, Esheba et al 32 reported a higher frequency of GPC3 expression in ovarian yolk sac tumor (98%) in comparison with clear cell adenocarcinoma (17%). Their series included 42 clear cell adenocarcinomas and immunohistochemistry was performed mostly on tissue microarray sections. The discrepancy between these immunohistochemical results can be attributed to the small numbers of cases studied and limited areas of tissue evaluated on tissue microarray sections.
In this study, we evaluated GPC3 expression in ovarian carcinomas, especially clear cell adenocarcinomas. To overcome the insufficiency of tissue microarray studies, we applied immunohistochemistry to full tissue sections of a large series of clear cell adenocarcinoma (94 cases) in Japanese patients. Furthermore, as GPC3 expression in benign counterparts of ovarian carcinoma, including various Mü llerian duct derivatives, is essential for understanding the significance of GPC3 expression, we assessed GPC3 expression in ovarian surface epithelial inclusions and the following nonneoplastic epithelium of Mü llerian duct origin: fallopian tube epithelium, endometrial epithelium at different stages of the menstrual cycle, endometrium during pregnancy, endocervical epithelium, and glands involved in endometriosis.
Materials and methods

Tissue Samples
A total of 213 cases of primary ovarian carcinoma were retrieved from the archives of the Department 
Glypican-3 Immunohistochemical Staining
All the tissue samples were fixed in formalin and embedded in paraffin. Full tissue sections were used for immunohistochemistry in all cases. Immunohistochemistry was performed with a monoclonal mouse antibody against human GPC3 (1:200, Clone IG12; BioMosaics, Burlington, VT, USA). Immunohistochemical staining was performed according to standard techniques on a Ventana Benchmark s XT autostainer (Ventana Medical Systems Inc., Tucson, AZ, USA). Appropriate positive and negative controls were included. The immunostaining results
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were interpreted as positive when at least 5% of cells expressed GPC3. Both cytoplasmic and membranous staining were evaluated. The positive expression was further categorized as 1 þ (5-14%), 2 þ (15-49%), or 3 þ (Z50%). No expression or expression in less than 5% of tumor cells was considered negative.
Statistical Analysis
Statistical analysis was performed using the w 2 -test. Overall survival of clear cell adenocarcinoma cases was calculated using the Kaplan-Meier method, and statistical analyses were performed using the logrank test. Statistical analyses were performed with StatView 5.0 software (SAS Institute, Cary, NC, USA) and Po0.05 was considered statistically significant.
Results
GPC3 Expression in Ovarian Surface Epithelial Inclusions and Nonneoplastic Mü llerian Duct Derivatives
Results of GPC3 immunohistochemistry in ovarian surface epithelial inclusions, fallopian tube epithelium, endocervical epithelium, endometrial epithelium at different menstrual phases, and endometriosis are summarized in Table 1 . None of the ovarian surface epithelium inclusions showed GPC3 expression (n ¼ 5). In the nonneoplastic Mü llerian duct derivatives, GPC3 expression was observed almost exclusively in endometrium in the gestational state, which showed Arias-Stella reaction ( Figure 1 ). On the other hand, endometrium in the nonpregnant state was usually negative for GPC3, with one exception among 29 specimens. Finally, GPC3 expression was not observed in any of the epithelia involved in endometriosis.
GPC3 Expression in Ovarian Carcinomas and Yolk Sac Tumors
The immunohistochemical results are summarized in Table 2 . GPC3 expression was evaluated in 213 ovarian carcinomas. Cytoplasmic staining was observed in all the positive cases. Focal membranous staining was identified in approximately 30% of these positive cases. Among the four histological subtypes of ovarian adenocarcinoma, GPC3 expression was observed predominantly in clear cell adenocarcinomas (44%). Approximately 10% of clear cell adenocarcinomas showed diffuse (3 þ ) positivity. In contrast, positive immunoreactivity for GPC3 was rarely observed in other histological subtypes of ovarian adenocarcinoma. GPC3 positivity rates were 4, 5, and 11% in mucinous, endometrioid, and serous adenocarcinomas, respectively. Diffuse immunostaining was not seen in these non-clear cell histotypes of ovarian carcinoma.
In clear cell adenocarcinoma cases, positive staining was observed in various histological patterns, such as tubulocystic, papillary, solid, and oxyphilic patterns (Figure 2 ). In some cases, an adenofibromatous component in the clear cell adenocarcinoma showed positive staining for GPC3. There was no significant association between GPC3 immunoreactivity and the predominant histological pattern of clear cell adenocarcinomas. However, a statistically significant correlation was observed between GPC3 immunoreactivity and severity of nuclear atypia (Table 3) .
All six ovarian yolk sac tumors were positive for GPC3 (Table 2 ). GPC3 expression was present in more than 50% of the cells in all cases (Figure 3) . Although the predominant histological patterns in all these cases were reticular and microcystic patterns, GPC3 expression was also observed in minor components that showed a solid or glandular pattern of growth.
Correlation of GPC3 Expression with Clinical Characteristics in Ovarian Clear Cell Adenocarcinomas
As GPC3 expression was observed predominantly in ovarian clear cell adenocarcinomas, we analyzed its correlation with the clinical characteristics ( Table 4 ). There were no significant correlations between GPC3 expression and patient age, tumor stage, ovarian bilateralness, peritoneal dissemination, Figure 4 ). To further investigate the significance of GPC3 expression in ovarian clear cell adenocarcinomas, the correlation between GPC3 expression and overall survival was examined. When all 94 clear cell adenocarcinoma cases were analyzed, regardless of stage, no significant association was observed between GPC3 expression and survival (P ¼ 0.30; Figure 5a ). Immunopositivity was assessed as follows: 3+, Z50% of the tumor cells positive; 2+, 15-49% of the tumor cells positive; +, 5-14% of the tumor cells positive; À, o5% cells positive or no significant staining. a Among the ovarian carcinomas, Glypican-3 expression showed significant association with clear cell histotype (Po0.0001).
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However, in stage III/IV cases, the prognosis of the patients with GPC3-positive clear cell adenocarcinoma was significantly poorer than that of GPC3-negative clear cell adenocarcinoma (P ¼ 0.019; Figure 5b ).
Discussion
In this study, we have shown that GPC3 is exclusively overexpressed in clear cell adenocarcinoma among ovarian adenocarcinomas. GPC3 was expressed in nearly half (44%) of the clear cell adenocarcinomas. Approximately 10% of the clear cell adenocarcinomas showed diffuse (3 þ ) immunoreactivity. In two previous studies on GPC3 expression in ovarian tumors, a significant discrepancy was observed regarding the GPC3 positivity rate among clear cell adenocarcinomas.
31,32
Stadlmann et al 31 reported that as many as 64% (7/ 11) of the clear cell adenocarcinomas were GPC3-positive, and observed diffuse GPC3 positivity in 55% (6/11) of the clear cell adenocarcinomas. In contrast, Esheba et al 32 reported that only 17% (7/42) of the clear cell adenocarcinomas were GPC3-positive, and they observed diffuse immunoreactivity for GPC3 in 7% (3/42) of the cases. We assumed that these discrepancies were due to the relatively small numbers of clear cell adenocarcinoma cases included in these series and the inconsistencies in the By performing immunohistochemistry in one of the largest series of ovarian clear cell adenocarcinomas studied to date, and with the use of full tissue sections for immunohistochemistry, we showed that GPC3 is expressed in clear cell adenocarcinomas, and not in non-clear cell subtypes of ovarian carcinoma, such as endometrioid, mucinous, or serous adenocarcinoma. When rare positive GPC3 immunoreactivity was observed in these non-clear cell subtypes, it was usually focal. Although precursors of ovarian carcinoma are for the most part unknown, ovarian surface epithelium and other Mü llerian duct derivatives, such as endometriosis, are established candidates. 33 The frequent association between endometriosis and ovarian clear cell adenocarcinomas is well known, and endometriosis is now regarded as a precursor of at least some clear cell adenocarcinomas. 13 In this study, we selected ovarian surface epithelial inclusions, fallopian tube epithelium, endocervical epithelium, endometrial epithelium at different stages of the menstrual cycle, endometrial epithelium during pregnancy, and glands involved in endometriosis as benign counterparts of ovarian carcinomas. Then, we investigated their GPC3 expression. Among the nonneoplastic lesions examined, GPC3 expression was identified almost exclusively in the endometrium of the gestational period. A recent study showed that hepatocyte nuclear factor 1b (HNF-1b), another specific marker for clear cell adenocarcinoma, is expressed by gestational state endometrium and mid-late secretory phase endometrium. 34 The frequent expression of these specific markers of clear cell adenocarcinoma (GPC3 and HNF-1b) in gestational state endometrium is of great interest when considering the histological similarity between gestational state endometrium and ovarian clear cell adenocarcinoma. Our observations suggest that the neoplastic cells of clear cell adenocarcinoma share the cellular properties of endometrial cells during pregnancy.
For surgical pathologists, histological distinction between ovarian yolk sac tumor and clear cell adenocarcinoma is often challenging, especially in cases in which the tumors are present in young Glypican-3 in ovarian carcinoma D Maeda et al adults and perimenopausal women. 9 Among the variety of histological patterns of ovarian yolk sac tumors, glandular, papillary, and hepatoid patterns closely resemble clear cell adenocarcinomas. Many immunohistochemical markers, including CD15, a-fetoprotein, and cytokeratin 7, have been tested in the differential diagnoses of yolk sac tumor and clear cell adenocarcinoma. 35, 36 However, all these markers have problems associated with sensitivity and specificity. 32, [35] [36] [37] Recently, GPC3 has been reported to be overexpressed in testicular and ovarian yolk sac tumors. 25, 26, 32 Esheba et al reported that GPC3 immunohistochemistry is useful for distinguishing ovarian yolk sac tumors from clear cell adenocarcinomas because of the higher GPC3 expression in ovarian yolk sac tumors compared to clear cell adenocarcinomas. 32 Our results are similar to theirs in that most of yolk sac tumors showed diffuse GPC3 positivity, whereas only 10% of clear cell adenocarcinomas showed diffuse GPC3 positivity. Note, however, that focal or moderate (1 þ or 2 þ ) Glypican-3 in ovarian carcinoma D Maeda et al GPC3 expression was observed frequently (34%) in our clear cell adenocarcinoma cases. Therefore, a careful approach is recommended when interpreting GPC3 immunoreactivity in ovarian tumors, and GPC3 immunostaining should be used in combination with other markers when the histological distinction between yolk sac tumor and clear cell adenocarcinoma is difficult. In this study, clinicopathological analyses of clear cell adenocarcinoma indicated that GPC3 expression was associated with significantly poor overall survival of the patients in stage III/IV (P ¼ 0.0019), although the number of stage III/IV patients was relatively small. In general, the prognosis of patients with clear cell adenocarcinoma is poor, which is largely due to a low response rate to conventional platinum-or taxane-based chemotherapy. 5, 12, 14 In a large retrospective study comparing 101 cases of clear cell adenocarcinoma and 235 cases of serous adenocarcinoma, Sugiyama et al 5 showed that survival rates of stage III clear cell adenocarcinoma patients were significantly lower than those of stage III serous adenocarcinoma patients. In their study, the response rate to platinum-based chemotherapy in patients with clear cell adenocarcinoma was significantly lower than that in patients with serous adenocarcinoma. Currently, little is known about the role GPC3 plays in chemoresistance. Our results suggest the need to investigate the possible link between GPC3 expression and the chemoresistant nature of ovarian clear cell adenocarcinoma.
In conclusion, we found that GPC3 was overexpressed in clear cell adenocarcinoma of the ovary, but only rarely in other histological subtypes of ovarian epithelial carcinoma. In addition, we revealed that GPC3 expression was associated with poor prognosis in advanced stage clear cell adenocarcinoma cases. Further studies of the molecular function of GPC3 in the development and progression of ovarian clear cell adenocarcinoma are awaited.
